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SUMMARY

testshasbeenmadeto evaluatecertain~~ac-
teristicsof sixceramicotidebo~es forhigh-temperatureapplications,-
especiallyasturbineWades. Primaryemphasiswasplacedon deter-
minationsofstrengthandresistanceto creeyuadertensilestressat
elevatedtemperatures.Additionaldataforthesebodiesonbulkdensity,
linearthermalexpansion,mdulusof elasticity,andeffectofwater
vaporon strengtharegiven.

Bodies4&llCand16021!T,thoseofhighestberylliacontent,showed
no lossofstrengbhafter10cyclesof quenchingfrom1700°F toan air
blastatroomtemperature.Thehigh-zircotiabodiesshowedeitherloss
of strengthafterthistreatmentor crackedbeforeitscompletion.

Bodies4&llCand16021Thadbulkdensitiesof3.0gramspercubic
centimeter.Thedensitiesoftheotherfourbodiesrangedfrom3.8.
to4.9 gramsyercubiccenttieter.

ApproxhatevaluesforYoung’smodulusofelasticity,calculated

fromthetensiontestdata,rangedfrom36x 106Psito 15x lo6.psiat
teqeraturesbetween1~0° and1~0° F. ValuesforYoung’smodulus,
calculatedfromthebendtngtestdatafortemperaturesbetween1~0°

6ma l~” F, rangedfrm 36x 1.06to 8.8 x ID psi.

Creepratesas lowas 3.0X 10-4
-4

percentperhourat 17,000Wi

and1890°F, 16.2X 10 percentperhourat 15,000psiand1900°F,
-4andI-2.7x 10 percentperhourat 6,OOOpsiand2100°F wereobserved.

Strengthsof18,000psiat l&)OOF and15,000at 1~0° F seemassuredfor
somebodies.Themaximumstressessustainedforat least160hoursby
thefourstrongestbodiesrangedfrom17,000to 18,OOOpsiat 1890°F and
from4,000to 16,OOOpsiat 190° F. Body48XLCwasequalor superiprto .
theotherbotiesinanypropertydeterdned.
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Themexhnumstressessustainedforanappreciablelengthoftimeat
WiOUS temperaturesby thefow stron~stb~ieE aretibulatedasfollows:

Temperature
(%)

l~o
1700
I1300
lg)o
2100

Maximumstress(psi)forbody-

358

13’,000
14,000
17,000
8,000

Therevolutionary
especiallythelast10
plaqtshaveemphasized

353

13,000
13,000

18,000
4,000

.------

151

l!2,000
13,000
X3,000
15,000
------

4811c

14,000
14,000
18,000
16,000
6,000

developmentsdur~ thepast30years,and
years,inbothdesign~aeffiolencyofyower
theneed.formaterialsof greatstrengthand

durabilityatveryhightemperatures.Thisisa Gturalcom-equenceof
thefactthat,h anydqvicefortheconversionofheatenergytntowork,
tieefficiencyofthatdevicemy be increasedby increasingthetempera-
tureclifferentialbetweenthebe@mningandendoftheconversion.

Designengineerssoonyrojectedtheirplansintoregionsoftenrpera-
tureandstressfarbeyondthe~otentialitiesofknownmetalLLcalloys.
Thisledtoa surveyofmetalcampounds,especiallytheoxides,
sil.ioates,carbides,endrelatedcontdnationsyeculiarto ceramims.
SuohyossibleayplioationsforceramicsinpowerplantsastheJetengine
werediscussedbyConway(seereference1),buttherewasveryHttle
datah thelitentureuponwhichtobasespecificdesigns.Somework
hadbeendoneonfeldspathicbodies(seereferences2 to 8)whichcontain
a bondof glassand,consequently,havelimited,useat elevatedtempera-
tures(seereference9). Severalreports.wereavailablealsointhe
Germanliterature(seereferences10to K?)onsmallspecimensof simple
oxidebodieswithextraor&Lnaryresistancetome~~cal stressattempera-
turesabove1800°~. Thesebodieshadbeenmaturedat suohhighlmmpera-
tures(about3450°to 3550°F) thatthem suocessftiproductioncomercialJy
intheUnitedStatesseemstobe onlya remotepossibility.

.
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NACATNNO.1561 3

Consequently,whentheNationalBureauofStandardswasrequested,,
bytheI’?ationalAdvisoqCommitteeforAeronauticsin194-4,to obtain
engineeringdataon ceramicbodiesintensionatelevatedtemperatures,
itwasthoughtadvisabletobegintheworkonbodieswhichcouldbe
producedwithavailabletidustrialfacilities.Ieadingceramicconcerns
wererequeetedto submitspecimensforprekbinarytestsofbendingat
elevatedtemperaturesandofresistancetothermalshock.Also,six
pranistigbodieswereselectedfroma nuuiberdevelopedattheNational
BureauofStandardsduring-thecourseofan tivesti@ionwhichwaslater
reyortedh partin1946. (Seereference9.) Theresultsofthestrength
inbendingat 1800°1?andofrelativeresistanceto thermalshockwere
incorporatedinanotherpaperpublishedh 1946. (Seereference13.)
Basedontheseprelhinarytests,a comprehensiveinvestigationwasbegun
onthestrengthandcreepinyuretensionofthesixpreviouslyselected
NBSbodies,supplementedby a fewcomparisontrialsontwocommercial
bodies.Theresultsofthetestsintensionaregiveninreference13.
Thepresentpapersummarizesthepreviouslypublisheddataandgivesthe
laterresults.Itwasnotfeasibletoreproduceallthelargequantity
ofdatarecordeddurtigthistivestigation;therefore,notallthemateriel
discussedh thetextisyresentedinthetablesandfiguresofthispaper.

AcknowledgmentismadeoftheassistancereceivedfromMessrs.B. L.
Page,L.H. Maxwell,H.l?.McMurdie,andA. S.CreameroftheNational
BureauofStandards.

.Thisworkwasconductedat theNationalBureauofStandardsunder
thesponsorshipandwiththefinancialassistanceoftheNational
luiviso~CommitteeforAeronautics.

GENERALcoi’w~om

TheadvantagesandImitationsof ceramicsforserviceathightem-
peraturesareUscussedinreferences9 and13. Briefly,theadvantages
aretheirhighresistanceto deformation,fusion,andchemicalchanges
andtheirrelativelylows~ecificgravity.Thedisadvantagesof cersmics,
whencompredtometalsandmeta~c alloys,aretheirrelativelylow
thermalconductivityandtheirbrittleness.Consequently,theirresist-
ancetomechanicaltipactandtorqid fluctuationsh temperatureleaves
muchtobe desired.As a generalization,researchin ceramicsshouldbe
aimedtowardthedevelopmentofmaterialswithhigh.therm%lconductivity,
lowthermaltilation,highratioof strengthtomodulusof elasticity,
andhighmechanicalstrengthat elevatedtemperatureswhich,inthiscase,
meanstemperaturesabovel&)OOl?.

Highmechanicalstrengthtivolveshighresistanceto softetig.Full
advantageofthispro~ertyisobtatieilby sdformulattigthebodiesasto
tisurethepracticaleMrhationofa glasqphaseandthedevelopment
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eitherofa singlecrystalfromwhichtheentirearticlecanbeformed
orofa veryftiecrystalstructureinwkL& theindividualcrystalE
preferablyarenotlargerthanabout‘5ticro~. Themodulusof
elasticity,a valueexpressingtheresistanceto elasticdeformation,
usuallyincreaseswithincreaseh strength.It isalsounfortunatethat
therefractoryotid.ematerialscommerciallyavailableinnearlypureform,

‘“chas cy~e ‘ioria(mOaJ ‘~esia @@), ‘ticoda ‘~, ~()

,.

!,

(
. .

calcia(CaO),bery~a (BeO),andalumina+03), havehightherm+expan-
.

sions,thecoefficientsrangingfromabout9 x 10’6foralmninato 15x 10‘b
forrcagnesiaintheintervalfromroomtempentureto“3092°F (1700°C).
(Seereference14.) Of thebetter-tiownlow-expansionmateria~,suchas
silicaglass,si~concarbide,beryl,cordi’erite,zticon,andzirconium
phosphate,noneisoutstandinginbothstren&handrefractoriness.They
no doubtwill,however,be indispensableforsomeapplications.Zircon,
forexample,hasletterthanavemgestrengbhand-resistancetothermal
shock,butwouldnotbe suitableforserviceatveryhightemperatures
becauseitbreaksdownat about3225°F toformzirconiaanda liquidhigh
insilica.(Seereference14-.) ih fact,saneinvefiigatorsclaimthe
breakdownmayoccuras lowas 2730°F inthepresenceofcertain
impurities.(Seereference15.) Thereisno knownceramicmaterial,
stableinoxidiztigatmospheresatveryhightemperatures,thatcaneven
appro-te beryllLLumotideinhighthermalconductivity.Foran arbi-
traryscaleonwhichtheconductivity.ofberylltais10,relativevzilues
wouldbeabout3 fora t~icalhigh-aluminaqark-yluginsulator,2 for
magnesiaandthoria,and1.5forzticonia.(Formethodofdetermination,
seereference9.) Therelativevalueforbodyk811C,describedinthis
repoti,wouldbeabout9. Ass-g that3 willayplytothealumina-t~e
insulatorsforwhichRiddlehaspubushedabsoluteconductivityvalues
(seereference16),thethermalconductivityofbody4811Ccanbe cal-
culated,inBritishthermalunitspersquarefootTerhourperdegree
Fahrenheitperinchthickness,tobe approximately60 at1000,72 at4000,
and85at 800°to 1600°F.

wmR -VA20RTEST

Thereissufficientinformationintheliterature(seereferences18
to 21.)regardingtheyossibledeleteriouseffectsofwatervaporon
ceramicbodiesat elevatedtemperaturesto Justifyitsconsiderationin
connectionwithporceW subjectedtoproductsofcombustioncontaining
suchvapor.CrystaWe magnesia,forexamp~,isattackedbywatervapor
atroomtemperatwes.Therefore,thesolutionordisintegrationeffects
at elevatedtemperaturemaybe appreciableinbodiescontaininguncombined
magnesia.A fewtestsofan empiricalnatureweremade,usingthe
followingmethod:

I
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A fused-silicatubewasheatedbymeansoftheconventionalfurnace
usedfororgamlc-ccunbustiontests.Oneendofthetubewasconnected
witha flaskinwlrlchwaterwasboiledvigorouslyduringtheeqwhent.
Afterthethe washeatedto 11OO”l?,a syecimenintheformofa bar
wasintroducedslowlyintotheheatedzone.Thetamyeraturewasthen
raisedto 1700°F andmaintainedfor5 hoursduringwhichtimethewater
vqor passedoverthesyecimen.At theendofthistimetheboilingof
thewaterwasdiscontinuedandthefurnaceallowedto coolto KIOOOF
overnight.Thefollowingmorningthespecimenwasrammedslowlyfrom
thefurnace.Theintroductionandremovalofthesyechn occupiedabout
5 minutesanditisbellevedthatharmfuleffectsfromthermalshockwere
avoided.Theweightofthebarandthestren@hinbendingwerethen
determinedandcomparedwithcorrespon~gvaluesforuntreatedbars.

Theresultsofthevqor testare’givenintable1. Theyindicate
thatboththecommercialcoqositionsshowedconsiderabledecreasein
strength.Neitherofthehigh-beryllLabodies(48~ andl@21T) was
affected.It isinterestingthatsyectinsofthehigh-zirconiabody(353)
containing19.6weightpercentofmagnesiawerestrongerthauthecompa-
rableuntreatedbarsandthatthespec@ns (358)containing9.8weight
percentofmagnesiawereweaker.The
simulated-servicetestshouldbeused
compositiom designedforapplication
exyosuretowatervapor.

that

msIoN

Spechmns and

r.esultitiicatethatsometypeof
when“screeningllexperimental
athightemperatureinvolving

Apparatus

ThecompositionsdeveloyedattheNationalBureauofStandardE
wereselectedfortensiontestsaredescribedint-able2. Thesha~e

ofthesyecimens,roundincrosssection&d approximatelyO.3inchin
diameter.throu#outthe@ge len@h,is showninfigures1 and2. The

1adqters(seefig.2)forap~lyingthestresswere~ incheslong,

1* inchesin diameter,andweremadeofbody358. Ceramicatiyterswere

usedbecausecalculationsbasedonthedataavailableindicatedthathigh-
temyeratwealloyswouldnothavesufficientstrengthatthemaximumtem-
peraturesandstresses’likelytobe obtainedin som ofthetests.
Adaptersandtestqecimenswerefabricatedundercontractby a cooper-
atingindustrialconcern,usinghydrostaticpressureapy~edbymeansof
rubbermolds.

Thethreadfitbetweenspecimenandadapterswasmadelooseintent-
ionallytoyermita ltberalfillerof cement.Thiscementwasmde of
veryfinecrystalline-aluminaandsodium-silicatesolution.Whenthe

——.—. . _.__. —____.._—_ ______ ___ . ..—-——.——-_.__— .
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threadswerecoatedwiththiscamentpaste,thespecimenwasscrewedinto
theadaptersandtheassemblyaMned ina jiguntilthecementhadset.
lbfraredlaqs wereusedtoexpeditethesetting.To assurecoqlete
dehydrationofthe-cement,theassmhlywasnextheatedina furnace
at 1800°F for2 hoursunder-atotalsuperimyosetl.oadof20~ounds.E “
examinationthenshowedtheasseniblytobe b goodalbmmentandthe
adapterstobefreefromcracks,thegageswerecementedon,as shownin
figure1. Thesegages,similarin designtothoseusedattheNational
BureauofStan&rdEformeasurtigcreepofmdxds,areammllfiedform
ofthegagedescriledbyFellowsamdco-workers.(Seereference22.)
Theywerefabricatedfrom~-percent-platinumandlo-percent-rhodium
tubingandwire.

‘I%thermocouples(platinumto platinum
mounted,oneon eachadapter,extendingfrom
to oneendofthegagelength.A groovewas

and10percentrhodimn)were
theoutsideofthefurnace
providedintheadapters

(seefig.2)forthispqose. Theentireassemblyasmountedinthe
furnaceandthemethodofbatingareindicated.infigure3. AS this
figureindicates,thereweretwoconcentricheatingcoils.Theoutercoil.
wash oneunit,connected&ectly acrossa regulated112-voltpower
source,=d consistedof16-gage,80-yercent-nickel~ ~-percent-
chromiumresistancewire.The~er coilwash threeunits,eachof
whichwasconnectedtotheoutyutofanadjustabb-ratioautotramsformer;
inaddition,thecenterunitwassl,ibjecttoautomticcontrol.In seven
fUrnaces,thisinnercoilwasmadeof20-gage,80-percent-niokel
and20-percent-chromiumwire;in fivefurnaceaitwasnmleof 22-gage,
80-yercent-@atinumand20-Tercent-rhodiumwire”.Byyroyermanual
settingofthethreetransformers,theautomaticcontrollermaintained
a predeterminedaverageairtemperatureovertheentiregagelengthto
within&5°F. Besidesthetwothermocouplesforream theteqerature
at eachendofthegage ~n~, two others ofplattiumtoplatinum
andMlyercentrhotimwereinsertedhorizontallyh the@ane ofthe
windowsso‘thattheendsnearlytouchedthes~ec- atmid-gage
length.Oneofthesewasusedfortheautc&ticcontrolofthecenter
heattigunit,theotherwasconnectedtoa @tiTle -petitterqerdnre
recorder.In ordertohavea recordofthethe ofanyspechenfailure *
occurringoutsidethere@ar workLnghours,a switchlocatedunderthe
l~dingbemnattheadjustablefulcrumsupport(fig.3)wasclosedwhen
thebeamfen. Theclosingofthisswitchintroduceda shuntacrossthe
recorder-thermocouplecircuitandcausedtherecordedtemperaturetobe
about~0° F belowthetruetemperature.

A Gaertnerextens~ter-tim deviceforobse~g thelength
changeshasbeendescribed.(Seereference23.) Measurementscanbe
madewitha precisionof1 micron.

.

-– ——— ..— —
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Procedure’

Fourgeneralmethodsoftestwerefollowed,thefirsttwoofwhich
maybe describedas *’steptesting.’*Theyare:

Methodl:-Thespecimenwasheatedgraduallytothetest
temperatureanda stre8sconsideredtobewellbeluwthetensile
strengthofthesyechnenwasayylied.Afterobservinglength
chengesforsomepred,eteminedtime,thestresswasticreased.
Lengthclumgeswereobservedagain,whereupansmotherincrement
of stresswasappliedandsoontorupture.ItW3Scustomaryto
ticreuethestressin 1000-psiticrementsatabout~-hour
intervals.

Method2.-Theoriginalterqeratureandloadconditionswere
essentiallyas describedformethod1. b thismethod,however,
theloadremainedconstantandthetemperaturewasraised,usually
in 100°F steysatabout~0-hourintervals.b somecases,the
syecfmenhadnotrupturedafterprolongedholM.ngat 1800°F. When
thisoccurredina furnaceh whichtheteqeraturecouldnotbe
raisedsafelyabove1890°F, thetestwascontinuedby ticreasing
theloadinste~swhilematitaimingthe1800°F teqerature.

Me$hod~.-Afterholdingthesyechenat 1800°F undera stress
ofkOOOpsiforh8hours,stresswasficreasedattherateof
about1200psiTerminutetofailue. Theloadwasincreasedby
flowingshot intoa bucket.

Method4.- tiesyechnenwas
constantt~eraturetofailure,
curvesofstressagainstrupture
similarcurvesformetalalloys.

heldat constantstressend
thepurposebeflmgto obtati
timewhichcouldbe comparedwith
lbweverif,after1000hours,the

.

some

creelratewaslessthan1.0x 10’4~ercent~erhourandthetotal
extensionwaslessthanaboutO.@ yercent,thestresswasincreased.
Theincrementof stremdeyendedonthecreeyrateobtained.

Severaldevelopmentstiterferedwiththesuccessfulccm@etionof
ofthetests:(a) Failuresomet~s occurredintheadapteror

b thethreadedheadofthes~ecimen;(b)ona fewoccasionsthe
electricalyowersupplywasInterrupted;(c)efterprolongedholding
(uEuallyover2000hr),thebase-metalthermocouplesused.intheftist
fewtestsbecameinoperative;or (d)thereferencepointsbecemeobscured
asa resultofgraingrowthinthepkatinum. ●



8 NACA~ NO.15&

RESU13S

SteIITests

Thissectionisdevotedto thoseresultsobtainedby testnlethoti1
and2. Typicaldata,presentedb figures4 to 21,aregrouyedand
discussedaccordingtobodycompositions.-Forsometeststhec~es
showirregularities,andevenanapparentcontractionmaybe Wcated
undertheloweststresses.Deviationsofnotover0.004yercentfroma
meancurveare,however,considered.tobewithintheover-allreproduci-
bilityofa length-changedqberndnation.Totalexte~ionsincltiethe
elasticdeformationswhichoccuruponapplicationofa-loadincrementand
alsotheslowlyrecovemble“viscous-elasticeffecte”describedinref-
erence8. h sevemalexperimentstheelasticandthevfscou5-elastic
recoverieswereobserveduponremovaloftheload.

Thoseteststhatwereconcludedsuccessfully,in thesensethat
failurecameintheconstrictedportionofthetensicmspechen,are
summarizedh table3. Thisdoesnotmeanthatthetestsculminatingin
failureoftheap~tusj orfailureat someotherlocationinthe
assembly,werewithoutinformativeresults.TestF8-4,forexample,
(seefig.4) givestheelongationbehaviorforbody358at l~O” F ~der
stressesrangingfromltOOOIsito 15,000~siduringa totaltestyeriod
of2247.5hours,followedby observationof stratirecoveryduring
193hours.

W thediscussionof creep,a rateof0.0001Iercentperhour,or
less,willbe refereedtoasverylowanda rateof over”O.0010percent
yerhourwillbeconsideredasvery,~@.

Body358.- Of the17 steptestsmadeonthecomposition,body358,
14werecontinuedsufficientlengthsoftimeto givecreepresultsand,
.ofthese,8 werecompieted-successfully.(Seetable3.)

Resultsat-roantemye=ture,at 1500°F,at l@O°F, andat 1700°F
shownosignificantelongationoryositivecreepfollowingtheelastic
deformation.Theoretically,theaveragecreeyrateshouldincrease
re-ly withincreaseinstressincrementsand,actually,itl?robabl.y
does.Therates’ae solow,however,thatexperimentalerrorcan
easilyaccotm~forirregularitiessuchasthecomparativelyhighmaximum
observedcreeprateat 14,000psiintestF8-3. (Seetable3.) Ab “negativecreep,“or contraction,wasobservedin somecaseswhenthe
syecimenswereundertheinitialstresses.Thiscontractionwa6noted
inmanyofthetestsandfrequentlyexceededtheprobableexperimental
error.(Theover-alleqez%nentalerrorofa seriesoflength-change

—
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readingswi13.le tiscussedtnconnectionwithbody353.) Theconclwion
isthatthiscontractionisreal,buttheavailabledatadonotsuggest
an explanationforit. Itmaybenoted,also,thatforlody358the
stressesatfailuregivenh table3 fortqeratmes below1700°F are
lowerthanthevaluesobtainedat 1700°and1$30°J?.It isbeldeved
thatthesyecimenserenot.actuallyweakerattherelativelyluwtem-
peratures.Theexplanationisofferedthat,“athigherteqeratures,
thes~ec3mensandadaptersmayadjustthemselvesto certainunmeasured
variables,suchasslightdeviationsfromstraightnessormisaWmnents
intheassauibly,therebyeffectinga betterstressdistribtiion.

Creepratescontinuel.uwat 1800°F intestI?8-4(fig.4)andit
wasonlyat 15,000TsithattherateexceededO.0005yercentperhour.
Thetotalelasticstrainyriorto theloadrmovalwas0.088percent;
therecoverywas0.134percentandwaspractica2Jycompletetiter
193hours.Obviouslythereis someerrorinthedetermlnntionsto
accountfora recoverynearlytwicetheobservedelasticstrati.This
erroryrobablyliesintheassumptionthattheelasticstrainwascom-
pletetithln60minutesaftera stressincrementratherthaninthe
measurementsthemselves.Sixtyminutesq notbe s@ficientto cover
theviscous-elasticstra3n(seereference7)whichwas,recovereddurhg
the193hours.Itmaybe seenfromthecurvethatO.088-~ersentrecovery
tookplaceinonlyaboti15hours.

b testF1l-5(fig.5)therecovery(O.057percent)againwasshout
twicethemeasuredelasticstrain(O.O@ percent),–butO.O~-percent

. lengthchangewasrecoveredwithin1 hour;whereasnearly200hourswas
requiredfortotalrecovery.Thistestwascom@etedsuccessfully.The
pronouncedriseincreepratesat 1900°1?and.variousstresses,compared
withthemxbesat 1800°F, is shownbythecurvesInfigure6.

TestFII-6(t&ble3)wasconductedintwostages.W thefirst,
accordingtomethod2,them%rbnumtamyeraturewasl~” F. In the
second,accordhgtomethod1,thestressatfailure,18,000psi,is
thehighestobt.shedforbody358andoneofthehighestobtainedinWs
investigationat 1800°F. Apparentlythepretrea-t at l~” F hadnot
harmedthespecimen.

TheresultsfortestlK12-7areshownh figure7. Thistestalso
wasconductedb twostages,witha constantstressusedthrou@out.h
thefirststagethetemperatewasincreasedIntucrementsto 19n0 F,
curvesA inthefigure.Thetemperaturewasthendro~pedto 17000F and
againraisedinticrementsto l~” F. Thelowercreeyratesnotedin
thesecondseriesareshownby thecurvesB.“To facilitatecomparisonwith
thecurvesA, obtainedinthefirstsefies,theotiinateswereadjusted
sothatthestartingpointofthetwocurvescoticided.Thisloweringof
creeymte wasnotedinmanyothertestsandwillbe Mscussedlater.

.
..
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Body353.- Sevenste~tests(table3)werecompletedsuccessfully
outofthefourteenundertakenwithspecimensofbody353.

Thecreepratesat15000,at17000 and,h testF8-2,atl&100F are
h generalallverylow. (Seeta%le3.~However,thevaluesobtainedat
1800°F intestl?l-11(fig.8),arebelievedtobe thebetterdatafor
thistaqerature.Thestressatruptureof18,000psiISashighasthe
highestobtainqdinthisstudyat 180001?.Also,thetendencyforthe
creeprateto ticreaseafteryrolongedholding,as shownby thecurves
forstressesof16,OOOand17,OOOpsi(fig.8),isUnique.Usually,the
creeyratecontinuedto decreaseevenafter1000ormorehoursofholding.
Thiswillbeshownlaterinthecurvesofstressa@nst rupturetime.
Thestrainrecoveryshowninfigure8 equaled0.086percentanditwas
regatiedin92hours,but(3.034percent(eqgalto themeasuredelastic
strain)wasrecoveredinabout7 hours.

IntestsF12-4,FIO-~,andF9-11,forwhichdetaileddataarenot
presented,anattemptwasmade(unsuccessfullyinthefirsttwo)to
checkby &lrectmeasurementthelengthchangesobtainedwiththe
extensometer-viewingdevice.Twopairsof@atinumdiBcs,bearing
referencemarkstied inthelengthSectionoftheNationalBureauof
standards,werecementedto thesyecimeninthesameplaneas thetwo
ylatinumgages.Directmeasurementsofthelengthbetweenreference
markswerethenobtainedbeforeandafterthetrea~nt inthecreep
furnace.Theresultsshowsatisfactoryagreemmt:

Iengthchangeby -

Gage Difference
Extensometer Direct inmeasurements
measurement measurwmnt .

(v)
(K) (P)

Right U6 5

Left log 1.12 3

In general,thedataforbody353arestraightforwardandsubject
tothesameconmentsmadeforbody356at comparabletemperatures.

F .-Onlysevensteytestsweremadeonthecomposition,
body13, andfourwerecompletedsuccessfu2Jy(table3)0 At 1500°
~d 1700°F thecreepratewasverylowforallstressesupto 16,OOOpsi.

—

.
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Evenat ~,000ysi(fig.9), it averagedlessthan0.0002percentler
hourforthefirst71.5hours.This20,000-Qsistressatruyturewas
alsothehighestobservedat 1700°F inanyofthetests.

The~ta fromtestsat 1700°and1800°F (table3,testslV_O-4
andF7-6)showtheincreaseh creepwithtemperature.At thelatter
temperaturea stressof7000psiproducedmorecreepperhourthandid
!23,000ysiat 1700°F. FurthercomparisonofthedatafromtestFIO-4
(fig.9)tiththedatainfigure10 (test~~-6) showstheeffectof
increasingthetemperatureto 1900°1?.At thistemperaturea stress “
of3220pi produceda higherrateof creepthanctldllj000ysiat
1830°F. Thedatainfigure10andtable3 showtheveryhighratesof
creeptobe exyectedat 1$00°to 2Q00°F. It isinterestingthatthe
syec~n intestF12-5withstood$2300°F andkOOO-psistressfor309hours
beforefailure,eventhoughthecreepratewas0.007yercentyerhour.
(Seefig.il.) Thetitsat 2000°F and@OO psiareinterestingalso
becausethisisoneoftherareinstanc~sthroughouttheentireinvesti-
gationinwhichthecreeprateticreased,ratherthandecreased,after
hatig beenhelilfor100ormorehours.Thecreepratesofthisbodyat
varioustemperatures,as caperedwiththoseoftwootherbodiesfor
whichcomparablevaluesareavailable,areticated by thecurvesin
figure11.

zE!Q2.3”-I?ourteensteptestswerestartedtithspec~ns of
body151. Of these,10wereof sufficientdurationtoyrovidecreep
data(ty-pifiedby fi~. 12to 15)and8 wre ccmpletedsuccessfuM_y
(table3).

Thedatafortemperaturesupto,andticludhg,1700°F show
negligible,orverylow,creep.In viewofthe19,000-psistressat
ruptureat1600°1’(table3)andthe18,000-psistressatruptureat
1800°F (fig.I-2),it seemsa reasonableassmnptionthatsomeundeter-
mined,butdetrimental,conditioninthetestassemblycausedthe
relativelylowresistancetoruptureatroomtaqeratureandat 1700°1?.

Thefami~esofcurvesh figures12and13areemmg themost
regularobtatiedh thisinvestigationandsoafforda goodcomparison
ofrelativecreepat 1800°andlgOOoF (fig.6);-thestressesatruyture
areamongthehi~estobservedat thesetemperatures.Asmentioned
previouslyinthediscussionofbodies358and163,thecreepforall
bodiesisty_picall.yveryhighattemperatureof1~0° F andabovewhen
understressesapproachingthosecausingfailure.It isinteresting,
however,thatthecreepratesforbody151(thehighestinberyllia
contentoftheso-calledzirconiabodies358,353,163,and151)are
nexthigherthanthoseforbo~ k&llC.
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Thetestsforwhichresultsaregiveninfigures14and15were
obtainedbymaintaininga constantandrelativelylowstressand
increasingthetemperatureinstepsuntilfailureoccurredoran
excessivec~eeyratewasobtained.Figures14and15containthedata
forthecurvesinfigure11.whichillustratethecanparativeeffectof
kOOO-and@oO-psistressesinthetemperaturerange1800°to 2X)w°F.
Althoughbody151comparesfavorablywithk.811Ginstrength,thecurves
infigureI.1showthecreepresistanceofbody151tobe considerably
lowerthanthatofbodyk-811C.
.

body=
.-Twelvesteptestswerestartedonspecimensof

Of these,10producedcreepdataand9 werecompletedsuccess-
fully(table3).

b commontiththeothercompositionstested,body16021Tshowsno
definitelymeasurablecreepatroomtemperature,1500°,or1600°F, gnd
theelasticstraticonstittiedpracticallytheentirelengthchange.In
fact,thecreeprateswerelowinallthetests,includingthoseat
18!)0°F(fig.16). However,thiscompositionhadtheloweststrengthof
thesixin~estigated.Eachofthefourtestsinwhichfailureoccurred
at l&)OOF wascompletedsuccessfully,butthestrengthswereonly6000
and7000ps~(table3). Thisisveryinterestinginviewofthefactthat “
body48w, whiehmostn~~ resembles16021!T!in composition,wasonthe
averagethestrongestandalsothemostresistantto creep.

k8KlC.-Elevenofthefifteensteptestsundertabn~th
body~ UC weresatisfactoryforcreeydata(typicalcurvesinfigs.17
to 20)andeightwerecompletedsuccessfully(table3).

Thehi estaverae creeprateforan extendedyeriodoftimeat
@gl~o 1600,

%
and1700 F wasonly0.0001yercentperhourforthetest

COW iOIISof18,000PSiandl@OO F. The23,000-psistrOssatrupture
(fig.17)wasthehi@estobtainedforanybodyat 1600°F. Therecovery
showninfigwe 17was0.018~ercent;theobservedelasticstrainwas
0.013yercent.k testF9-9thecorrespondingvalueswere0.016
and0.023percent,respectively.

Thetestrecordedinfigure18wascomyletedsuccessfullyandthe
18,000-ysistressatrupturewasashighasanyobtatiedat 180001?.
Thedatainfigure18 (testF8-5)wereusedinfi~e 6 to comparecreep
ratesat1800°F withthoseat l~Oo F. Valuesfor1900°F weretaken
framthetwotestsyresentedinfigure19. Thestrengthatruptureof
16,OOOpsi(testF1l-7,fig.19)wasthehighestobtai~dat 1900°F.

—— -— - ——
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ThedatafrcuntestsFIO-7andF1l.-2(fig.20andtable3)were
usedinfigureI.1to showtherelativecreeyat varioustemperatures
understressesofkOOOand6000ysi. k figures6 and11 indicate,
body4811chadthehighestresistanceto creepofanytestedandithad
thehigheststrengthataid.temperaturesexcept1700°F. It isyrobable
thatthe14,000-psistrengthobtainedat 1700°Fisnotre~resentativeof
thetruepotentialitiesofbody~llC. AlEo,the&100ysiat 2100°1?and
@OO psiat 2230°Fwereobtainedtithe onlytestscompletedsuccesafuIly
at thesetemperatures(table3).

Short+l!imeTensileTests

Allthesho~-timetensiletestsweremadewiththesyechnensat
18000~ ● Eighttestswereconductedwithoutprestresstig.Thefurnace
wasbroughtto equilibriumat 1800°F withthetestassemblyin@ace
butwithno tmposedload.Stresswasthena@liedattherateofabout
1200psiperminute.Theresultshavebeenreportedinreference1.3end
arerepeatedingrou~A oftable4. Elevenadditionaltestsweremde
inwhichprestressedspecimenswereusedh accordancetiththedescriled
method3. Becauseoftheshortageof syec-, itwasnecessarytouse
severalthathadbeenheatedandstressedpreviouslyin othertests.
Referencesto thesetreatmentsandthedatafromtheshort-t~tests
aregivenh &oup B oftable4.

Themostprandnentcom~risonobservedintable4 isthelocationof
fraclmreintheunprestressedtestassembles(grouyA) andthe
prestressed(grouyB). In theformergroup,7 outof8 failedoutside
theconstrictedportionofthesTec@n; inthelatter,only1 outof
U fractureswasunsatisfactory.Thisappearsto supyorttheidea,
mentionedear~erinconnectiontithbody358,thattestingunderstress
at elevatedtemperaturesmayeffectbetterstressdistributionina test
assembly.However,thevaluesimgroupA showthatbody163hasa
~otentialstrengthofat least10,000psih a short-ttitestat 1800°F,
andbody481Lcishiicatedtohavea correspondingstrengthofat least
19,000psi. Ttis~otentialstrengthofbodyk811Cis supportedby the
valuesingroJpB.

AccordingtotheWted dataintable4,thearrangementofthe
fourstrongestbotiesintheorderof increasingstrengthat 1800°F
wouldbe:16021T,358,151,and~llC.

Stress-RuptureTestResults

A totalof23testswasmadeaccord3ngtomethod4 h an atteqtto
obtainvaluesuyonwtichthecurvesof stressagainstruptureWne could
bebased.Suchcurvesshowtherelationata giventemperaturebetween



14 ~A~No. 1561

a seriesof constant,hitiallyayplled,stressesandthethe required
foreachstreqsto causefailure.Theyareusedforevaluatingmetah
amdmetamc alloys.(Seefig.4inreference24.)

Whenthelaboratoryworkoftheinvestigationwasclosed,threetests
tirestillinprogress.Onlyeighttestshadbeencompletedsuccessflddy;
thatis,ties~ecinmnshadfracturedinthegagelength.However,one
curvewasobtained(fig.21). It isbasedontheverylimiteddatafor
body16021!Tgivenintable5. h none,ofthesestress-rupturetestswas
thereobservedtheso-ca~edthirdstageofcreey,inwhichtherate
conttcmallyincreasesandwhichinevitablymustleadtofailure.Rather,
thevaluesintable5 showthattherateofelongationundera constant
stresscontinuedto decreaseevenafter1000hoursormore.

. Thestatementwasmadeonpage15ofreference13t&t a curveof
stressagainstrupturetimefora ceramicbodymaynotbe obtainfhle
lecausethestrengthandcreepbehaviormaybealteredhy stress-
temyeraturetests.Accordingtothishypothesis,a spec~n thathas
%eenunderstressat,foremmrple,1800°1?for1000hoursmaynotbe the
88mestructurallyas itwasatthebeginningofthetest.Thelongerthe
testcontinuesthegreaterthechange,as evidencedbythecontinued
decreaseincreeyrateswithtimeofstresf3(table5). Theeffectof
t~erat&e andstressingoncreepisshownh table6.

Anotherlind3.cationofstructuralchangeisprovidedby t~icalthin
sections.Ikthehigh-lery~abodies(1602111?and4811C),thechanges
werenotsufficiently~onouncedtotevisible,butchangeswereobserved
insectionsofthebodieshighin zficoniacontent.Withtiitetrans-
mittedlight,thecubiczirconiacrystalsin@in sectionsofthebodies
thathadundergoneconsiderablecreepapyeerlighttanin coloranddo
notextinguishcompletely.Itwasassumedatfirstthatthiswasa
strainedcontitionbroughtstoutby a conibinationofstretmandteqera-
ture.However,syecimensofbodies151and353showedthesameappear-
anceafterhavhgbeenheldfor14daysat 1900°1?withno su~erinqosed
load● X-zayyatternsshowedpartialreversi’mofthecubiczirconiato
themonoclbicform.Ihthesethinsections,thezircor@acrystals
ap~earalsotohaveundergonesomemarginalalterationsand,asa result,
tohavelostthesherycrystalfracturescharacteristicofthes~echens
notsubjectedtoa prolongedcreeptest.

watiu8 OfEhsticity

Valuesofthemodulusofelasticitywerecomp.tedfromthedata
collectedduringthesteptests.Theincrementsof stresswereusually
1000Tsiand.-theresultingincrementsofstratiwerebetween2
and9 micronsoverthe100-milM_metergagelength.Thesevaluesforthe

/

.—;’––- .—.
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modulusofelasticitycouldnotbeveryyrecisewhenthereproducibility.
ofa singlelengthmeasurementwasofthe_ orderofmagnitudeasthe
strainthatwasmeasured.fi several~ses,additionaltestsweremade
inorderto obtainmoreprecisevaluesforthemodulusofelasticityat
roomandat elevatedtempemtures.k theseadditionaltests,incre-
mentsof stressrangingfrom3300to4500psiwerereyeatedl.yaddedto
endremovedfromthespecimens“andtheresultantstrainsrangedfrom10
to 19microns.Theagreementobtainedbetweenthevaluesfromthesetwo
typesoftestandthetiprovedstandarddeviatioaforvalueswhenusing
thelargerincr~nte maybe seenby comparingthevaluesforbody358
at 1~0° and1830 F givenintable7.

Valuesforthemodulusofelasticityofbodies358and4811C,at
roomtemyemture,wereingeneralhigherthanthevaluesobtainedat
elevatedtemperatures.Also,bodies353and163hadsigdficantl.y
lowervaluesofthemodulusat 1~0° 1?thanatanytemperature
betweenl~” and18!10°F. Theotherfourbotiesshowedno siguil?icant
di.fferencebetweenthevalues
elevatedtemperature.

forthemodulusofelasticityatany

DISCUSSION

CorrelationofAbsorptionandExtension

No evidencewasfoundofanyreductionofdiameterinthetension
smcimens,eveninthosespecimenswherethee@remeextensionvaluea
werebetween2 and4 Tercent(forexample,testFlfk5,table3). The
decreasein diameterofthe~ecimenalongtheentiregagelength,
necessarytomaintaina constantvolume,wouldhavebeensmallbut
measurable.Sinceno reductionindisneter,eitheruniformlyalongthe
gagelengthoratthepointofrupture,wasfound,theremusthavebeen
an increaseinthevolumeofthespecimenresultingfromthetest. It
=8 notedthatthosespecimensthathadbeensubJectedto conditionsof
terqperatueandstressresultinginrelativelylargeamountsofextension
tendedtohavehighabsor@ionvalues.Thesuggested~othesis isthat
duringthetesting,withitsacccmqxqdngvolumeincrease,thevolumeof
poresinthebodywasincreased,andan increaseintheabso~tionvalues
resulted.Theextension,whichap~earstobe themostreadilyavailable
measureofvolumeincrease,maybe correlatedtiththeincreasein
absorption.1 Inthiscorrelation,“totalextension”-s wed andit

._
lAbsorptionvalueswereobtainedby boilingthes~cimensincarbon? tetrachloridefor5 hours,~rmittingthemto coolintheliquiduntil

thenextday,anddeterminingtheincreaseinweight.Theweightticreaee
wasdividedby thedensityoftheliquidinordertomakethevalues
comparablewithdataobtainedconventionallybyboilingthes~cimens
inwater.

-.. -— —.-.. ..-— —.—. .—.-. .-— .—. —. ._ .-._ ___ ____ .=. ____ . . . .. . . __
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shouldbe borneinmindthatthisvalueincludesboththeelastic
deformation,whichisrecoverable,andthe “cree~”defomnation,most
ofwhichiBnotrecoverable.

Ml syec~ns were-testedforabsorptionafter”theyhadbeen
stressedaccordingtomethods1,2,3,or4. Of&U.absorptionvalues
usedinthecorrelationofabsorptionandextension,67yercentwere
betweenO andO.10yercent,~ percentwerebetweenO.10and0.50percent,
while6 ~ercentwereover0.50percent.Thefollowingtabulation@ves
themaxhmmextensionandabsorptimforeachbody:

Maamm Maximum Madmml
Body extension absorption Body. extension absorption

(percent) (yercent) (yercent) (yercent)

358 1.85 0.39 151 2.05 0.94

353 2.00 .71 481J_C .89 .02

163 3*57 .91 16021T ●15 .02

Theresultsforzticoniabodies358,353,163,and151showedgood
rankcorrelationbetweenpercentabsorption,detemdnedaftertesting,ard
percenttotalefiension.Thecoefficientsofrankcorrelationobtained
forthezirconiabotiesintheordergivenwere:+0.82,+0.73,+0.83,
~d+0.82.

Thehigh-berylliaboties4811Cand16@J!l?werecharacterizedby low
valuesforbothextensionandabsor@ion,regardlessoftheseverityof
thetestingtowhichtheyhadbeensubjected.No ei@ificantCorrelatia
betweenabsorptionandextensionwasfoundforthesebodies.

2S~e~ts formulaforrankcorrelationR, basedonunityfor
@rfectcorrelation,isasfollows:

R=l

inwhich

R coefficientofcorrelation
d differenceinrankof samB

characteristics
N numberof spechens

(

specimenwithresyectto twodifferent-
,

ThepluEsignbeforethecoefficienttidicatesthatthecorrelation
ispositiveordirect;thatis,thecorrelatedvaluesincreasetogether.

.

._—.. ——.—— - -. .——— — ,.
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Stress+bmyeratureJJ!WEffects

Equalizingstraindistributions.-Manyfailuresinthespecimen
asseniblyoccurredat locationsotherthaninthegagelength.Tn the
ma$orityof suchfailuresthefracturewasinthead.ayter,therecord
showing23outofa totalofX39testsonalltodles.Thefracture
occurredusuallyattheinnerendofthatpofiionthreadedtoreceive
thespechen(x-x,fig.1). Of these23adapterfailures,W were
causedby stressesofoverI..0,000Ix3i3and16werecausedby stresses
ofover7000psi.

Thesuppositionthata differenceinthe- Mlationofadapter
andspechenisresponsiblefortheadapterfailureseemsuntenable.
Bodiesl&121Tand4&llChavealmostidenticalthermalexpansions
(table2),butonly2 a@tere failedduring23testsofthe.former
bodyand1.2ad.a@ersfailedduring32testsofthelatter.Thecauses
probablyarenonunifomnstressdistributioninthesyecimen-adapter
asseniblyandstressconcentrationsatthethreadroots.Bothconditions
areweahessesinherentinthesyecimen-adapterassaitdy.Theywere
recognizedatthelzhnetheshapesweredesigned,butwereacceptedas
thebestcompromiseinviewofthedesiredprecisionofthecreep
measurements(1partin 100,000)andthedesireduniformityoftempera-
ture(b” l?)overthenecessarygagelengthof100millhneterso

Thatan’&provedstressdistributioncanbe obtained.by scmmstress-
tenqmratureconditioningwell.belowthatreqtiedforfailureisbelieved
provedby theresultsgivenintable4. As anotherillustration,
syecimensofbody358withstoodstressesof1~,000,16,000,and 17,000Tsi
afterstepstressingfrom14,000psiforverylongperiodsoftdme
(table5);yetthreetrialsinwhichstressesof16,~0 or17,000ysi
wereplaced&itiallyon spec~ns allresultedh hnediatefailure
outsidethegagelengbh.SWlarly, thespecimenofbody151ti
test3’1-17(tabls5)withstooda stressof 17,000Tsifor75hours
beforefailureinoneoftheadapters,thespechenrmairdngintact.
However,fiveattemptsto a@y an initialstressran@g from15,500
to 17,000psionotherspecimensofbody151allresultedinimediate
failure,of&ch onlyonewash thegagelength.Furthermore,itis
believedthattheapparentlylowerstrengthvaluesreyortedlamanytests
fortemperaturesbelow1600°or1700°l?,comparedwiththoseforhigher
temperatures,me notrealbutaretheresultofunequa13.zedstressdis-
tributions.Actualtiequalitiesin strain,fromwhichthebendingstress

%he stressvaluesgiveninthetextapplytothegagelengthofthe
swcimsm.Theareaoftheadapterisappro~tely 15 timesthatofthe
s~ec-n.

.—. .— —. ——-. .——— --.—— .. ..—— .—.——— ———.——. .— —..—- —-—. ... . . - —.- —
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maybe calculated~ describedinreference25,weremeasuredina few
testsatpoints180 apart.Thefollowingexamplesillustratethe
effectofuneqtistressing:

.

:

Temperatures Stress
Body

BendingstressTest atfailure atfailme
(OF) (psi)

(percent)

151 I?3-10(table3) 1690 19,000 4.2

151 F1-9(table3) 1700 13,000 50
151 F8-7(fig.u) 1800 18,000 8.2

353 F8-2(table3) 1800 X2,000 44

353 F1-11(fig.8) leoo 18,000 0

.
13icreaeingErtren@h.-Theevidencepresentedintables5 end6 is

believedtoTrovethatprolongedtem~eratwetestingwilJcausechanges
h thestrengthandcreep-resistant~oyertiesofa body.Furthermore,
thesechen&saypesrtohebeneficial.As a consequence,it cannotbe
stitedthatspecimansof@ purblcularc~ositionhavea Characteristic
strengbhorcreepbehaviorintension.Onthecontrary,thecreeprate
fora specifiedstress-tempe~tureconditionmayvaryseveralhundred
percentde~endlngonthethermalhistoryofa specimen.Thisisiu
directcontrastto thebehaviorofa Monelmetalinvesti~tedbyBennett
endMcAdam(seereference23)whostatethattheirresultsforthismeta~
asa whole,tidicate“therewasonlyonecharacteristic(creep)ratefor
eachstress-temperatureconibhation.“

One&Erectevidenceofanunderlyingstructwalchange,toaccount
forthealteredstrengthandcreeylmhavior,isthatfoundint~ical
thinsections.It isa fortunatecircumstancethata changein structure
canbenotedinzirconiabodiessuchas 358,353,163,and151. The
crystalsof zirconiawithm~esia h solidsolutionarenormallycubic
andthereforewe opaquewhenviewedwithcrossedpolarizedlight.In
thestiess-edandheatedsyecimens,however,thesecubiccrystalshave
partlyrevertedto themonoclhicformand,consequently,theypermit
thepassageofsomelight.

h brief,t@ resultsshowthat(a)theheatingandstressinghavea
beneficialeffectontheporcelainsinvestigatedcausingthemtobemore

~resistantto creelandtofailureh tension;(b a structuralchangeis
evidencedby ziroonlacrysta~h specimenssubjectedtoyrolongedtests;
and(c)heatingwithoutstressingproducesthesame-condition. ,,

—–. —— ..—. — — —.
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Increas@ absorptia.- So fa astheauthorsMow, thephenomenon
ceramicbodyelongatingpermanentlyunderstresswithincreasein
volume,andwithc-nsurate increaseinyorevolume,lmsnot”

heretofore~eenmentionedintheliterature.Thelength-chgemeasure-
mentsmadeh thisinvesti~tionpreclude,innearlyKllcases,the
accuratedeterminationofthepermanentelon~tionbecausetheelastic
recove~wasnotobsened.However,therecoverycambe estdmated.
Calculationsforfivesyecimmns,representingbodies358and353,show
a rangeh volumeincreaseE inthegagelengthof100mititers
(basedonthetot-alelon~tioncorrectedforelasticrecovery)of
from0.06to0.09chic centwters. Forthesamesyecimens,theesti-
matedincreaseM yorevolumeA (basedonabsorptiondeterminations)
rangedfromO.05toO.llculiccentimeters.Valuesfor.E/A ranged
from1.73to0.76andaveraged0.99. Itapyearsyrobable,therefore,
thattheincreaseh bulkvolumeofthesyec~ns duringthecreeltests
isaccompaml.edby a proyortiona%eincreaseinyorevolume.Thenatureof
thisyores~ce wasnotdeterminedandwasnotdetectedinthethin
sectionsexaminedmicroscope.caJly. !

GeneralEvaluationofBodies

In ex@oratorytests,suchas conductedinthisstudyforthe
selectionofbodiestobe usedin creeltests,itisbelievedthat
thebentigtestservesa usefulpurpose.Itwillculloutthe
definitelyweakboties(asillustratedintable1 ofreference13);
however,inthisstudyat least,it Md notylacethestrongerbodiesti
thesameorderasthetensiontestdid. As an illustration,thebending
testshowedbody~llC considerablyinferiorto%ody353at 1800°F. The
reversewasindicatedby thetensiontests.A variableotherthan
compositionisinvolved,however.Thebemllngtestswereconductedon
barsmadeinthelaboratory,andthetensionsyec~ns werefabricatedby
an industrialconcern.~0 barsofbody353andtwobarsofbody~~c,
madebytheindustrialconcerntiththesameTrocedureusedtofabricate
thetensiontestsmcimens,werebro~n inbendingat 1800°F. Thebars
ofbody353weresomewhatweakerthanthosemadeh thelaboratory,and
thebarsofbodyh&llCwereabout50percentstronger.As a result,these
fourtestsshowedbody!&UC tobe strongerthanbody353. Theinference
isthatthebemtlngtestandthetensiontestmay@ace c~ositionsin
thesameorderofrelativestrengthH thesyec~m for.botharefabri-
catedinthesams~y. Thisemphasizestheimportanceof conductingtests
onspecimensmadebythesameyrocesstobeusedinmakingtheactual
physicalshalesdesttiedforservice.
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It isobviowthatthedensityofa ceramicbodytobe usedin
applicationsuchasturbinebladeamustbe consideredwhenc~isons
aremadewithotherceramicsorwithmetals.Thefiguresofmeritgiven
intable3 areadmittedlyofMmitedsignificancebecausea comprehensive
figureofmeritwouldincludethefactorsof creep,thermaldilation,
thermalconductivity,and*O elasticity.Theiqortanceofdensityis
shownby comparingbodyk811Cwitha densityof 3 gramspercubiccenti-
meterandVitaIliumwitha typiceldensityof8.32gramsyercubiccenti-
meter.Thus,a strengthin%nsionof18,OOOpsiat l&30°l!’forthe
ceramicbodywouldbe equivalentto a strengthof50,000psiforthe
metal.

NationalBweau
Washl@on

ofstanaarafl
!25,DoC.,Oct.6, 1947
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TABLE1.-Vmm mm!

Absorption
(~ercent)

ficreaseh
weight
(percent)

Modulusofrupture(psi)
atroomtemperature-

Following
thevapor Untreated

test (a)

Commercialbodies I

2673 1.8 0 6,000 31,400
2673 2.3 0 8,000
3239 0 0 142200 19,200
b3239

481LC
4811c

l&xzlT
Mom

353
353

358
358

0.13
.01
.04
●95
o
0
.01
,01

IT&Sbodies

o●O1
.01
.01
.02

●01
●O1
o
0

aRepresentativevalueforuntreatedbars.
%rokeinfurnacedurhgvaportreatment.

26,w0
22,400
ig,700
19,5’00
33,~o
35,400
19,000
15,200

I
5,200

m,200

26,!aIO

25,000
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B@ Composition,by walght (peroen-t)

yytlon W@ CaO Beo A1203 ThOz Zhoz .Ti02.

39 9.8 --- 10.2 --- --- ac.o ---

353 19.6 --- 20.3. --- --- 60.1 ---

163 7.2 --- 26.8 --- --- 66.0 ---

lg 14.0 --- 43.3 --- --- 42.7 ---

lm ---- --- 90.0 4.3 5.7 ---- 2.0

Mllc ---- 2.0 %.2 7.2 --- 8.6 ---

4.9

4.4

4.4

3.8

3.0

3.0

1.36

l.y.

,1.23

1.16

1.11

1.10

13$ w:5Beo:&a@ (mole). v
353 , ~0:~:~ (mole).
163 ~O:&eO:3!Zr0z(mole).
,12 ~0:~0: Zr02(role).
lam 160%O:,2AlP03:Th02(rmle)~lua2 ~rcen’t.TiOPby wel@t.
48UC k8BeO:AlzOj:~p(mole)Plus2 percentCaOby weight.

%or the range, room te@eratme to 12C0° C.
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[h*i.d= bgh=. e whichfail..CaOurmd
~invhiahfallnl’8

-intb OIYMtriatdxical of* i3P9aimYn?J

NACATNNo.1561

39 M m O.m Ee@i@bln 0.5 9,W ltlx102’
a 2h5 .028 ---dO--- 2.0 8,&w 21w .024 —*-— 12.0 Il,m 37

359 w m O.cc-so:%xd O.lk 13,ml 27 .
3% 1*

M-3
.%9 1.0 13,(XY3 30

k.%
w .W ?Jegligibln 2.5 12,c!m 32

F1-7 .m .39 .25 1T,C03 so

393 F&8 1543 .0.035 0.26 M).o 13,00)
b.~

2-7
.n XQ.s 19,cim w

lg l-w la7 .0b6 be.o 13,C03
@333 .145 1:$ 1.5 ‘20JMJ %

lV r

I.@ o.1o3 2.2-9 4
.lm 1.01 $:: L;%

29.

%!

33
.2b2 1.69 &.P 19,c#J. 43

1.57 104.0 20,033
1* 13,W0

‘% 3. %- % ~,~

2
13*CO3

~:
M.&5 J%? 2.2 44.5 13,cHM
l@ .lW

:C
114.O 14,MX) 47

1* me loo 14,W0 47

MiXPr

1~ T

1s9 p
39 I FM-7I I* I .1.*7 I 41.4 I 277.5 I 6,CHXII )2

2mwF

21m0F
4mlc IPI.O-7 170 I o.f&7 I 12!.7 I p.o I 6,a$JI 20

Z2ywr

k6n2 F1-k?I F@ 0.339I @b.1 O.n
I

4*W3 13

.
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TAIm4. -mmimTcmsEcm-ml Tm91m l!mlY3ATl&@F

~clmm I?eprtad h group A had.no mwiotla ab’adng;
thoee repro-tedin wow BwereP6tre8s~ia 48&
.9tl&OO~and@ PSIina~tfOmb previous teatB,
if my, refemA to under R&mar@

w
Strms at

dOBl@Eatl~ Test LmeLtlOnof freatm-e
- “WY

Rmka

163
163

42c
MIX
483X!
W3uc
48110

6.402
9;*
5,mo

18,95Q
18,3-70
.4,610

D,750
lo,o&l

lk,510
13,@
19,ml
M,6%
17,8W
a4,m

af:~
u,m
U,m
lo,m

Adapter
----dO -----
----do -----

do---- -----

----& -----
do---- -----

----dO -----
Oage lcmgth

Qrwq B

&J*y.@
- ---

----dn-----
----uO-----
----dO-----
----dO-----
--- -----
--- -----
--- -----
--- -----

Adapter

%a~ure mama during the Pdmaadng at W pi end I&W P.

-----
-----
-----
-----
-----
-----
-----
-----

no Ka’0’!loltat-w-t

hda 81@hen had bem tmiwd for x br undsr 40M-PB1 rtrwa at tapemtmw ran@g frcm @o to QJ03° P. The
reaulta Vere not reparted b.9uauaew g?l@E were fomd to be defeotiw.
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Figure1.-Assemblyoftensionspecimen,withceramicadaptersandgage
forobservinglengthchanges,andanenlargedviedofthestraingage.
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.

F@ure2.- Threadedtensilespecimenandtwoceramicadapters.
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Figure4.-TestF8-4.&e-exhmsiondataforbody358.Thisspecimen
wastestedat1800°F atvariousstressesuntilfailure.Attheendof
4~.5hoursat1800°F and15,000psi,theloadwasremovedbecause
thepowerwasshutofffor2hours.However,recoverywasobservedB
for193hours.F~ure occurredinthethreadedportionofthespecimen.
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Figure 6.- Test F1l-5. Time-extension data for Wdy 358. This specimen was tested at 1900° F at various
stresses until failure. M-urements of the diameter before te’sm ad atker rupture showed no evidence
of reduction of area as a result ~ over 1 percent of extension. Failure occurred near the center of the
gage length, ‘ 2
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Figure7.-Test F12-7.Time-extensiondataforlmdy358.Thisspectienwas
testedataconstantstressof60J0psi.Inthefirstpartofthetest(curves
A),thetemperaturewasincreasedbyincrementsfrom1800°to1950°F and
thendroppedto1700°F. Inthesecondpart(curvesB),thetemperature
wasincreasedfrom1700°to1950°F. Failureoccurredinthegagelength.
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Figure13.- TestF7-10. Time-extensiondatafor body151. Thisspecimen
wastestedata constanttemperatureof 1900°F atvariousstressesuntil
failure. Ruptureoccurredinthegagelength.

——-—-.-—-—....—...——.,___-.——---- -.——-.—..————..—.- .- ....—----..-.-—-—-—...-



46

–-

,

●✎

““’+-’”’~ -1

-1

t

430

—--------
—-------

-7-if--/

.

.

“—’—----
—------

- —.



I

I

..56- I I I I I I I I I /.@,
I I I I 2.39-

.32-

// -‘

I

.96
2.22–

.28–
.88– ~&mh?u3d

2.06
.24–

.6D
1.90

.20–
.72

,F/

/.74
./6–

,goo .64 /.58
,/z–

~; j ;j

r
.56 I?aw ‘/=

/.42-.
.LZ?–

50“~ 2050“F

.4$“’
/.26

.04–~
l~”f~

%:?
n 17W°F~0 .40

I

A
-1609“~ 1.10--

a, I \
040 m’& / / .32 I 1

~~ .aW Q &
I / .%0 I

r~hg, ~J
Figure 15,. ‘“ w“Test F9-12. Tlmewti~on data for Lmdg151.Thisspecimen waS testedat a const@ stress

of 15-WXIpsi at temperties Wween lt?GOO and .20W F. The tempertiw was not tire-~ atie
2Q50° F ti dew of the M@ creeP =te at that temperatw - the total extensionof over 2 Perceti.



. .

4a WA m ITO.1561

.

‘i
1!i

./01 I I 1 I I I I I I I I I I I I I I I

4ooow”--
.04-

I I I I 1 1 I I
20 # 60 m 1(90I(?O/422160 /80

Time, hr
(a)Testl?2+.ThisspecimenwastestedatI&IO”F at

stressesbetween4000end6000psi.Ruptme
occurredwithinthegagelength.

.07
‘;P4-*

I I I I I I I I I I I, hp+uru uf 6LMOps/
I I

(/.05- ~~p,i~ -

.Olt
.00 I I I I I I I I I I I I I t I I I
O W 40 60 80 100.la 140 /60 /80

Time,hr
(b)TestF1–10.Thisspec~n supported varfous loads

at 1800°F untilfailure.Rupture occurred within
the gage lengkh.

“05k%&k?0(q “q$ J, , I I I I I I I I I I I
I I I I 1 I I I I I I 1

t Z13 40 @ 80 /00 I’ZD$ .04;
140 I@ 16Z)

I
J3 IO(M“f u

I I I I 166-313~r
n7 I I I I I I I I I

0 20 40 60 80 I@ f20 m {60 180
7%7e,hr =s=

(c)TestF12–3.Thisspecimenwastestedata constant
stressofhOOOpsiattemperaturesbetween1500°
and190Q0F.

Figure16.-

Rupture occurred in the gage l&@h.

Time-extensiondatafor body16021T.

.

—. . . —— —---.- ,. -- —



49

.lf*f4000”i- 1

Figure170-TestI?7-7.Tfrue-@e@on datafor body4811C.Thisspecimen
wastestedat1600°1?atvariousstressesuntilfailure.DuJ.@thetestig
atfMOOpsi,thespecimenwasunloadedfor 26hours,whenthepowerwas
shutoff, sothatthespecimenwouldnotbecooledandreheatedunderload,
Ruptureoccurrednearthetopfilletof thespecirne~
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Figure18.. TestF8-5.Time-etiemiondatafor tidy4811C.Thisspecimenwastestedat1800°F atvariomstressesW@ failwe. Ruptmeoccvred

nea~thetopmet ofthespectien,3* hemsafter18,000psiwasapplied.
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he-*e~iOn datafor MY 43uC. b testF9-10,thespectienwastestedata comht temperate of lWOO1?atvatiowstressesUIIti

‘mVaY+e*=”:@we‘cWr@d ‘“ ‘%”eadapter>‘e sPecimenreq ~tict—
s @tedtothespectienusedintestl?9-lb.—,...a~~40° F atvafio~ stresses~~ f~me.. ~pb we occwred wi~ &e gage Ie@h; me e~e~io~ o~e~ed d~~

tks teststatiedfroma,newzero,andthusmightbeaddedtothoseobse~ed
~ testF9-10.
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Figure20.- TestF1O-7. Time-extensiondatafor bdy 4811C. This specimen
wastestedataconstantstressof 8000psiattemperaturesbetween1600°
~d 2100°F. Failureoccurredinthegagelength.
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Figure 21.- Curveofstress against rupture time for kody llX121T. The short-time tensile test value (Sm )
was UEedto locate the graph, in preference to a more nearly average curve, becauee the htgher value is
believed to represent more nearly the true potentialities of the body.
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